ABSTRACT The competitive ranking of three marine sessile organisms was determined from overgrowth observations and found to be intransitive. Overgrowth results were dependent upon relative vertical relief which, in turn, was related to colony area. Discriminant function analysis demonstrates that competitive rankings can be largely predicted on the basis of knowledge of the size-frequency distribution of interacting populations. Because size increases with age for these species, size-dependent competition implies age-dependent competition. The role of age structure in determining the results of interspecific interactions has been curiously neglected, particularly as it relates to competitive ability, yet the age dependence of competitive ability suggests (i) the occurrence of intransitivity in purely exploitative systems, (il) a mechanism for frequencydependent behavior, (ifi) the production of limit cycles, and (iv) the possibility of size refugia.
Thomas Park (1) , in a classic work on competition between two Tribolium beetles, demonstrated that competitive ability was not a species-specific variable but varied with the temperature of a habitat. The research trend of the period was toward laboratory studies and the implications of Park's result to field situations were not explored. Interest in the occurrence and consequences of variations in competitive ability in a given habitat has recently been revived (2) (3) (4) (5) . The competitive rankings documented in these and other studies vary from cases of perfect transitivity (species 1 always displaces species 2 and species 3; species 2 always displaces species 3) (refs. [6] [7] [8] , but see ref. 9 ) through varying degrees of intransitivity (species 1 may or may not displace species 2; species 2 may or may not displace species 3; species 1 may or may not displace species 3) (5, (9) (10) (11) (12) (13) (14) (15) (16) to occasional cases of perfect intransitivity (species 1 always displaces species 2; species 2 always displaces species 3; species 3 always displaces species 1) (5, 10).* Patterns in these results are difficult to compare, however, due to differences both in methods of data collection and in characteristics of the organisms. Laboratory studies generally involve the monitoring of a closed system until one species becomes extinct. The organisms used in laboratory studies commonly do not coexist in nature or have been cultured for so many generations under conditions of unlimited resources as to render the relevance of their rankings debatable (7) . Field studies usually involve point-in-time observations or experiments that may or may not reflect the ability of competitors to coexist or to exclude one another. Either all the common species in an assemblage (5, 10, 13, 14) or simply those known, on the basis of previous work, to compete via a transitive mechanism (ref. 6 , based on ref. 8 ) have been ranked. In both field and laboratory studies, it is only rarely known how many resources are competed for or by what mechanisms the competition is mediated.
A more fruitful approach will surely be to attempt to discern those conditions that operate under natural conditions to generate a particular system of competitive relationships. Here I report a competitive intransitivity between two bryozoans and a coralline alga that co-occur intertidally in the tropical Eastern Pacific of Panama. I identify the conditions that correlate with competitive success for these three species, show that these are related to the size of a competitor, demonstrate that the overall ranking of competitive abilities for the assemblage is a consequence of the size-frequency distributions of the interacting populations, and discuss the implications of the occurrence of age-specific competitive abilities.
METHODS
Study Area and Organisms. The study area was located at the extreme western point of Punta Paitilla, Panama (90N, 78'30'W), which lies approximately 4 km south of the Pacific entrance to the Panama Canal. The distribution and abundance of the common invertebrates of the region have been surveyed (18) and physical environmental parameters have been monitored (19) . The intertidal is an extensive andesite rock bench of gentle slope (<200) characterized by numerous tidal pools and channels. Loose rocks, which concentrate in these areas, are inhabited by two anascan bryozoans, Onychocella alula (Hastings) and Antropora tincta (Hastings), and the coralline alga Neogoniolithum rugulosum (Adey).
Field Sampling. Samples were taken every other month from December 1977 to October 1978 from a large, anastomosing tidal channel-pool complex at +0.1 m tidal height. Twenty-five cobbles were collected at each sampling interval. The sampling procedure involved walking across five major diameters of the channel haphazardly collecting five cobbles on each pass. Cobbles were dried and stored for later analysis.
Overgrowth Observations. Competition between encrusting organisms occurs whenever the growing edges of different individuals come into contact. The physical overgrowth of one individual by another is a common result of these contacts. With the exception of cases of epizooism (20) (21) (22) , overgrowth is either lethal to the overgrown organism or results in the loss (temporary or permanent) of potentially reproductive tissue.
The following data were collected for each colony on each rock: its area, the area of any other colony it contacted, and the outcome of each interspecific contact. Large colony area has been shown to be associated with overgrowth ability among some cryptic reef species (10) . Colony area was estimated from a grid pattern. Overgrowth is defined as the elevation of the * The term "competitive network" has been used to describe all situations exclusive of perfect transitivity (4, 5) , the terms "intransitive" and "transitive" to describe perfect intransitivity and perfect transitivity, respectively (2, 3), and the term "circular network" to describe perfect intransitivity (6, 17) . 5355
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growing margin of one colony over that of another (5, 11, 14) . Each interspecific contact was observed along its entire length at X12 magnification, arid records were made only if both colonies were alive when collected. Two types of outcome were observed: one colony overgrew the other, and neither colony overgrew the other. If the type of outcome changed along a given contact, each outcome was recorded (but no more than once for any interaction between two individual colonies).
Sectioning. All three species deposit a calcified skeleton and thus leave an enduring record of their past growth. To determine if the relative vertical relief of colonies along their interacting margins is associated with overgrowth success, I sectioned cobbles by use of a diamond saw. Vertical relief was measured with an ocular micrometer. Sections were cut normal to the line of contact for 25 contacts of each interaction in which only one outcome was recorded (e.g., only one colony overgrew the other). For each interaction between colonies in which there was more than one outcome (e.g., both colonies overgrew each other), 50 sections were cut, 25 for each outcome. To determine the degree of correlation between thickness and colony area, I cut 15 colonies over a range of sizes for each species at 10 locations and measured thickness along an unobstructed growing margin.
A. tincta and N. rugulosum are both capable of vertical thickening; hence measurement of vertical relief is subject to the objection that any relief measured may represent growth subsequent to the interspecific encounter. To minimize this difficulty, I used only interactions in which the overgrowing colony had covered the overgrown colony by a distance of less than 5 mm. An additional difficulty is encountered in sectioning A. tincta colonies. The extreme leading edge of A. tincta is often much thinner than regions directly distal to the edge.
Because a. tincta grows more rapidly than either 0. alula or N. rugulosum (23) Table 1 . A. tincta overgrew 0. alula more often than the reverse, but with high frequencies of "no victor" outcomes. 0. alula overgrew N. rugulosum much more often than the reverse, and N. rugulosum overgrew A. tincta only slightly more often than the reverse. This system lacks any clear competitive dominant. (14) . I have shown elsewhere that the low frequencies are, in fact, sampling artifacts and that the high frequencies for the interaction between A. tincta and 0. alula are a result of growth cessation (23) . This cessation of growth is strictly anticipatory to A. tincta overgrowing 0. alula (23); accordingly, no victor outcomes for this interaction are treated as "A. tincta overgrows" outcomes in the analysis that follows.
Relative Vertical Relief and Overgrowth Success. The relationship between relative vertical relief and overgrowth success is presented in Table 2 for contacts with both single and multiple outcomes for all interactions. All outcomes of all interactions are strongly positively associated with relative thickness at the margins.
Vertical Relief and Colony Area. The relationships between colony area and thickness at margin are plotted in Fig. 1 (Table 2) will differ from those obtained from unobstructed margins. Clumping of sectioning data from both series, though, only slightly reduces the correlation between colony area and thickness for A. tincta (r = 0.89) and N. rugulosum (r = 0.86), indicating that local thickening at contacts is an uncommon phenomenon.
Competitive Ranking and Size-Frequency Distributions. From Fig. 1 it is possible to predict the relative thickness of any two competing colonies from knowledge of their relative sizes. Colony area, cm2 experience) (24) (1) .
Despite its apparent prevalence, the role of age dependence in competitive abilities has received little attention from population biologists. This is due, in large part, to the formative role that the Lokta-Volterra equations have played in our understanding of competitive processes. These equations have no age structure terms and treat competitive ability as a species-specific constant (XiA). Those few cases in which age-specific selection has been treated (25) have dealt exclusively with selection for r and k, without explicit treatment of competitive ability. Yet the occurrence of age-specific competition has direct relevance to a variety of issues.
Intransitivity in Exploitative Systems. For over 30 years ecologists have recognized two types of competition: exploitation, where one organism depletes the supply of some mutually limiting resource, and interference, where one organism prevents the access of another to a resource (26) . A major distinction between the two forms of competition has been the presumption that exploitative systems are necessarily transitive (2, 3), whereas interference systems can range from perfect transitivity to perfect intransitivity. The transitivity of exploitative systems depends on an assumption of a constant species-specific competitive ability (i.e., a constant rate of consumption for a given species). However, a variety of agedependent factors (size, pupation, reproductive activity, and senescence) certainly influence consumption rates. If consumption rates are age dependent, exploitative systems need not be perfectly transitive.
Frequency-Dependent Competition. Following the original demonstration by Ayala (27) , several authors have documented frequency dependence in interspecific competition. Despite the central role that frequency dependence plays in both ecological (28) and evolutionary (29) (2, 3, 31) . These models assume constant competitive ability. and perfectly intransitive rankings, two conditions that may be violated when competition is age dependent. The generation of limit cycles, though, is based not upon these assumptions but upon the occurrence of "invasion windows" for each species (2, 3) . Invasion windows, conditions under which one species can increase at the expense of others, can be generated by frequency-dependent competition (2) . Age dependence may produce frequency dependence, and it may also lead to limit cycles. Although the details of theoretical models are violated by conditions of age dependence, the basic premise is by no means compromised, but rather enhanced. By providing a mechanism for low density invasion windows, these considerations imply that the theoretical results may be extended to include cases of both age-dependent exploitative and interference competition. Refugia. Predator-prey interactions in model communities that are otherwise unstable may be stabilized by the occurrence of refugia (32) . A major form of refuge in natural populations is that of size; prey simply become too large for predators to capture or to consume. Consequences of refugia include sizespecific production of antipredatory defenses (e.g., spines) (33), size-specific rates of growth compared to reproduction (34) , and size-specific patterns of habitat selection (35) . If competitive ability is age dependent and if size is correlated with age, similar patterns may be expected.
Transitivity, Disturbance, and Diversity. Experimental studies have shown that the level of diversity maintained in a system is proximally dependent upon a balance between rates of resource monopolization and resource renewal, with intermediate rates of resource renewal generating the highest diversity (36) . Resource monopolization in many systems occurs via growth and competition and resource renewal via physical and biological disturbance. Competitive rankings are hypothesized to influence this balance in encrusting epibenthic communities by influencing the rate of resource monopolization in that the more intransitive the ranking, "the slower will space (resource) tend to be occupied by a single competitive dominant, and the less the amount of external disturbance necessary to maintain a given level of diversity" (4). These suggestions modify the "intermediate disturbance" model of diversity maintenance (defined in ref. 17) by removing from it the assumption of transitivity, but, of course, they do not alter its major prediction (4, 5) . The amended hypothesis predicts that diversity will be highest at intermediate levels of disturbance, but that the level of disturbance that yields a given diversity will be dependent upon the degree of intransitivity exhibited in competitive rankings (5) . The level of disturbance required to maintain the maxmal diversity should, then, be bounded at the lower extreme by a perfectly transitive system and at the higher extreme by a perfectly intransitive system (a "circular network," as defined in ref. 17 ). For organisms characterized by age-dependent competitive ability,. perfect transitivity (or perfect intransitivity) is an unlikely result. As such, the amended model is appropriate.
